The objective of this study was to determine the degree of genetic relatedness of Actinobacillus pleuropneumoniae to selected members of the family Pasteurellaceae, with particular emphasis on species commonly associated with swine. 
* Corresponding author.
serotypes (e.g., serotypes 1,9, and 11; 3,6, and 8; and 4 and 7) appear to be identical except for very minor antigenic differences (27) .
Thus, it was the purpose of this study to extend earlier DNA-DNA hybridization studies to provide a more complete understanding of the genetic relatedness of A. pleuropneumoniae to selected members of the family Pasteurellaceae, in particular, those commonly associated with swine. In addition, we wished to assess the value of restriction endonuclease fingerprinting (REF) as a taxonomic tool for studying these organisms.
MATERIALS AND METHODS
Bacterial strains and culture methods. The bacterial strains used in this investigation are listed in Table 1 . With exception of the serotype 10 and 12 organisms, reference strains of A . pleuropneumoniae were analyzed. Isolates were propagated on chocolate blood agar supplemented with 0.01% (wtfvol) NAD [Boehringer Mannheim (Canada) Ltd., DorVal, Quebec, Canada]. Stock cultures were stored at -90°C or freeze-dried. For preparation of DNA, cultures were grown to mid-log growth phase at 37°C in tryptone-yeast extract medium supplemented with 0.01% NAD (29) .
Isolation and purification of DNA. Total cellular DNA was isolated by a modification of the method of Marmur (10, 20) . With exception of WF83, none of the isolates studied contained plasmids (25a) . Cells were lysed with sodium dodecyl sulfate and proteinase K [Boehringer Mannheim (Canada) Ltd.], phenol extracted, ethanol precipitated, and suspended in Tris buffer. DNAs were then treated with RNase A [Pharmacia (Canada) Ltd., Baie d'Urfe, Quebec, Canada] and again phenol extracted and ethanol precipitated. The concentrations of the DNAs were determined by using the diphenylamine assay (10) .
Preparation of radiolabeled DNA. Total cellular DNA was labeled in vitro with tritiated thymidine ([3H]dTTP; 1.0 mCi/ml; ICN Biochemicals Inc., Costa Mesa, Calif.) by nick column. The specific activities of the labeled DNAs ranged from 2.0 x lo6 to 10 x lo6 c p d y g . DNA-DNA hybridizations. Since some batches of S1 nuclease contain significant amounts of double-stranded DNase activity (14, 16) , the DNA hybrids were analyzed with mung bean nuclease [Pharmacia (Canada) Ltd.]. At low enzyme and high salt concentrations, mung bean nuclease will hydrolyze only single-stranded DNA (14, 16) . The procedure for the analysis of DNA hybrids was based on a modification of the method described by Crosa (5, 20).
Reaction mixtures (1 ml) contained 5.0 x lo3 to 1.0 X lo4 cpm of 3H-labeled DNA and 150 yg of sonicated, unlabeled DNA in 0.42 M NaCl. The DNAs were denatured by boiling for 10 min and then allowed to reanneal at 60°C (T, -25°C) for 16.5 h. After incubation, four 0.2-ml aliquots were removed from each hybridization mixture and transferred to tubes containing 0.8 ml of nuclease reaction buffer such that the final reaction mixture contained 50 mM sodium acetate (pH 5.0), 30 mM NaC1, 0.01 mM zinc acetate, 1.0 mM cysteine, 0.001% (vol/vol) Triton X-100, and 0.20 mg of sheared herring sperm DNA [Boehringer Mannheim (Canada) Ltd.] per ml (5, 14, 16). Two tubes from each reassociation mixture were treated with 10 to 25 U of mung bean nuclease for 20 min at 50°C; the other two tubes were treated identically but without the addition of the enzyme. The nuclease activity was terminated by adding 50 y1 of 1.0 M Tris buffer (free base) and 40 ~1 of 4-mg/ml sheared herring sperm DNA (14) . The double-stranded DNA was precipitated and collected on HAWP 02500 filters (Millipore Corp., Bedford, Mass.). The filters were washed, air dried, and counted to a 2 sigma error of 2% or for 10 min in a toluene-based scintillation fluid. The degree of DNA sequence homology was determined as described previously (10 (22) , comparisons were always made within, rather than between, gels. In order to generate a quantitative measure of the similarities and differences among the REF profiles of representative members of the family Pasteurellaceae, Jaccard coefficients, Sj, (4) were calculated: 5' ' = a/(a + b + c), where a is the number of similar matches (bands) and b and c are the number of dissimilar matches (bands). Only the clearly resolved HindIII-digested fragments between 400 and 1,600 bp or BamHI-digested fragments between 400 and 2,000 bp were used to compute the Jaccard coefficients. Mixing experiments were performed with representative samples to verify that bands which appeared in the same position in the gel did in fact comigrate (17) . Calculation of Jaccard coefficients was based on the examination of at least three independent DNA preparations and digests run on three or more independent gels.
Statistical analysis. A linear discriminant function (43) was estimated by using BMDP7M (BMDP Statistical Software, Inc., Los Angeles, Calif.). To approximate homogeneity of variance, analyses were performed with the log,, of the average Jaccard coefficients. Simple linear regression (45) was used to determine the relationship between percent DNA homology values (measured by free-solution DNA-DNA hybridization) and the Jaccard coefficients (calculated from BamHI REF data).
RESULTS

DNA-DNA hybridizations.
Free-solution DNA-DNA hybridization was used to establish the genetic relationships of the different serotypes of A . pleuropneumoniae and selected members of the family Pasteurellaceae. A high degree of genetic relatedness (74 to 90%) was detected when the type strain of A . pleuropneumoniae, Shope 4074T (serotype l), was hybridized to representative strains of A . pleuropneumoniae serotypes 2 to 12 ( Table 2 ) . The NAD-independent A . pleuropneumoniae strain, SW1004/77, also shared a high degree of DNA homology (79%) with A . pleuropneumoniae Shope 4074T. A serotype 1 field isolate, strain CM5, had 97% DNA homology with the type strain. Similarly, when A . lignieresii ATCC 19393 was hybridized to representative strains of A . pleuropneumoniae serotypes 1 to 10 and 12, as well as to the NAD-independent A . pleuropneumoniae strain, SW1004/77, a high degree of genetic relatedness (66 to 79%) was observed ( Table 2) .
A. pleuropneumoniae Shope 4074T (serotype 1) shared a high degree of DNA homology (72%) with the type strain of the genus Actinobacillus, A . lignieresii, but shared only 6% DNA homology with the type species of the genus Haemophilus, H . influenzae, and 7% DNA homology with the type species of the genus Pasteurella, P . multocida (Table  3) . A moderate degree (49%) of DNA homology was observed between A . pleuropneumoniae Shope 4074T and Actinobacillus suis ATCC 15557. Less than 20% DNA homology was shared between A . pleuropneumoniae Shope 4074T and the other Haemophilus and Pasteurella isolates tested.
Similarly, A . fignieresii ATCC 19393 shared a high degree (79%) of DNA homology with A . pleuropneumoniae Shope 4074T, a moderate degree (49%) of DNA homology with A . suis ATCC 15557, and less than 20% DNA homology with the other Haemophilus and Pasteurella isolates tested. Similar results were obtained when A . pleuropneumoniae S 1421 (serotype 3) was hybridized with representative strains of Pasteurellaceae (Table 4) .
When H . influenzae, the type species of the genus Haemophilus, was hybridized to selected Haemophilus, Actinobacillus, and Pasteurella strains, little (6 to 14%) DNA homology was apparent. Similarly, with the exception of A . suis, Haemophilus parasuis shared little (12 to 18%) DNA homology with these same test strains. Although little DNA homology was shared between Haemophilus "minor group" strain 202 and other representative strains of the family Pasteurellaceae, a high degree (78%) of DNA homology was observed with another minor group strain, Haemophilus minor group strain PN33. 
(4.1)
a Average of at least four determinations.
To determine whether there was any significant sequence divergence, DNA-DNA hybridizations with labeled A. pleuropneumoniae Shope 4074T were performed under more stringent conditions. DNA homology values at 65°C were very similar to those determined at the less stringent temperature. A. Fig. 1 . The DNAs of all 12 serotypes shared a large number of comigrating fragments. For example, many bands in the 800-to 1,000-bp region were common to all isolates. However, the restriction pattern of every serotype was unique. Similarly, HindIII-digested A. pleuropneumoniae serotype 1 to 12 DNAs produced unique REF profiles, but the pattern of bands was more complex (17) . Previous studies have shown that the REF profiles of different isolates of a particular serotype are all very similar (17, 18) .
Jaccard coefficients (Sj) were calculated in order to obtain a quantitative measure of the degree of similarity among REF profiles. Table 5 shows the Jaccard coefficients calculated from the BamHI REF profiles of representative strains of A. pleuropneumoniae serotypes 1 to 12 compared with one another. The majority of the Jaccard coefficients were between 0.27 and 0.52. Higher degrees of similarity between serotype 1 and serotype 9 (Sj = 0.91), serotype 1 and serotype 11 (Sj = 0.74), and serotype 9 and serotype 11 (Sj = 0.68) were observed. Similar results were obtained when Hind111 REF profiles were examined (data not shown).
REF was also used to differentiate strains of A. pleuropneumoniae from other members of the family Pasteurellaceae (Fig. 2) . Analysis of REF profiles of A. pleuropneumoniae Shope 4074T (serotype 1) and members of the genus Actinobacillus gave rise to Jaccard coefficients ranging from 0.28 to 0.41 (Table 6) , with the exception of A. suis, which had a similarity coeacient of only 0.12. The Jaccard coefficients of A. pleuropneumoniae Shope 4074T versus H. influenzae and P. multocida were only 0.19 and 0.17, respectively. None of the other Haemophilus or Pasteurella strains tested showed any significant degree of similarity (Sj <0.20) to A. pleuropneumoniae Shope 4074T.
Statistical analysis. Discriminant analysis (43) was used to classify organisms into genetically related or unrelated groups (Fig. 3) 1) . If the log,, average Sj is greater than 0.0143 (Sj = 0.269), the test organism should be classified as a member of the species, A. pleuropneumoniae. From this analysis, A. equuli and A. lignieresii are misclassified. A similar analysis was done by placing organisms into genus Actinobacillus-"not genus" groups. In this case, organisms with a log,, average Sj value of less than 0.0137 (Sj = 0.234) were classified as belonging to the genus Actinobacillus. In this analysis, all test organisms except A. suis were correctly classified. Very similar results were obtained when other groups of test and reference organisms were selected. The discriminant analysis classified 100% of the species correctly and 83% of the not species correctly. For the genus-not genus group analysis, 80% of the genus were correctly classified and 100% of the not genus were correctly classified. 
DISCUSSION
Free-solution DNA-DNA hybridizations. The representative strains of the 12 serotypes and the NAD-independent strain SW1004/77 of A. pleuropneumoniae formed a homogeneous group, sharing 74 to 90% sequence homology A . pleuropneumoniae Shope 4074T with A . pleuropneumoniae Shope 4074T. Recently, Niven and O'Reilly (28) have shown that although A . pleuropneumoniae SW1004/77 does not require NAD, pyridine nucleotides or pyridine nucleotide precursors are necessary for its growth.
Some serotypes of A . pleuropneurnoniae demonstrate a high degree of serological cross-reactivity. Serotypes 3, 6, and 8; serotypes 4 and 7; and serotypes 1 and 9 all appear to share common antigens (19, 27, 32) . Cross-reactions between A . suis and A . pleuropneurnoniae (33) and between Haernophilus minor group strain 202 and A . pleuropneumoniae serotype 2 have also been reported (34). The DNA-DNA hybridization data did not suggest that these groups were more closely related to one another than they were to other serotypes. More recently, it has been suggested that serotype 1, 5, 9, 10, and 11 isolates are more virulent than serotype 2, 3, 4, 6, 7, 8, and 12 isolates (7). Rosendal et al. (35) suggested that A . pleuropneumoniae serotype 3 strains were less virulent than serotype 1, 2, and 7 strains. On the basis of the DNA homology data, there is no evidence that variations in virulence can be associated with major genotypic differences.
All serotypes of A . pleuropneurnoniae tested were found to share a high degree of genetic relatedness with the type species of the genus Actinobacillus, A . lignieresii ( Table 2) . DNA homology values for representative A . pleuropneumoniae serotypes 1 and 3 hybridized against A . lignieresii were 72 and 82%, respectively (Tables 2 and 4) . A . lignieresii, hybridized to A . pleuropneurnoniae serotypes 1 to 10 and 12, gave rise to DNA homology values between 66 and 79% ( Bingham (8) also reported a high degree (58%) of DNA homology between A. lignieresii and H . influenzae. These studies, however, employed techniques which tend to give a high degree of nonspecific binding between organisms which are less than 50% related (9).
To further elucidate the genetic relationships among selected members of the family Pasteurellaceae, DNA-DNA hybridizations were also performed with labeled H . influenzae, H . parasuis, and Haemophilus minor group strain 202 DNAs ( Table 3) . H . influenzae shared little (~1 5 % ) DNA homology with other haemophili, suggesting that the genus Haemophilus is made up of a heterogeneous group of organisms. Pohl (30), however, determined that H. influenzae and H . parasuis were related at the 40% level. Again, differences in methodology may account for this discrepancy. Haemophilus minor group strain 202 shared little DNA homology with the type species of its own genus but shared a high degree of genetic relatedness (78%) with another minor group organism, strain PN33. Although the two minor group organisms examined in this study were very similar, there are biochemical (33) and REF (la) 2, 38, 44) . We attempted to perform a quantitative analysis of the REF data and compare it with the "gold standard"-DNA-DNA-hybridization.
The majority of the Jaccard coefficients, calculated from the BamHI REF profiles of A. pleuropneumoniae serotypes 1 to 12 versus A. pleuropneumoniae serotypes 1 to 12, ranged from 0.27 to 0.52. The Sj of A. pleuropneumoniae serotype 1 versus NAD-independent A. pleuropneumoniae SW1004/77 fell within the same range, with a value of 0.41. Slightly higher Jaccard coefficients were calculated when REF profiles of serotypes 1 and 9 (Sj = 0.91), serotypes 1 and 11 (Sj = 0.74), and serotypes 9 and 11 (Sj = 0.68) were compared. These strains with high Sj values did not, however, share greater sequence homology, as determined by free-solution DNA-DNA hybridization.
The BamHI REF profile of A. pleuropneumoniae Shope 4074T was also compared with profiles of other members of the family Pasteurellaceae. Jaccard coefficients of A. pleuropneumoniae Shope 4074T versus A. lignieresii and A . equuli were 0.34 and 0.28, respectively, indicating a degree of homology comparable to that of A. pleuropneumoniae serotypes 2 to 12. When compared with A. suis, Haemophilus spp. (including Haemophilus minor group strains), and Pasteurella spp., however, a lesser degree of similarity was observed. Jaccard coefficients ranged from 0.09 to no greater than 0.23.
In order to determine whether the calculated Sj values could be used to discriminate between groups of related and unrelated isolates, Jaccard coefficients, calculated from the BamHI REF profiles of A. pleuropneumoniae Shope 4074T versus representative members of the family Pasteurellaceae, were evaluated by discriminant analysis (43). On the basis of this analysis, most of the test organisms were classified correctly as either species or not species, although A. equuli and A . lignieresii were grouped as belonging to the species A. pleuropneumoniae. In the case of A. lignieresii, this assignment is consistent with the DNA hybridization data (72% homology with A. pleuropneumoniae Shope 4074T) (46). However, A. equuli and A . pleuropneumoniae Shope 4074T share only 49% DNA homology; thus, according to DNA-DNA hybridization data, placement of A. equuli into the species A. pleuropneumoniae is incorrect. Classification of organisms into genus-not genus groups produced similar results. Although most of the test organisms were correctly classified, A. suis clearly fell into the not genus class. By simple linear regression (45), a significant positive relationship between the Sj values and the percent DNA homology values was found.
On the basis of the limited number of strains examined in this study, it would appear that REF analysis could be used as a rapid method to place organisms into groups (e.g., species-not species) in order to facilitate classical DNA hybridization studies, but it is not likely that it would replace traditional approaches.
